Abstract. Inflammatory response in the vasculature, including the overexpression of tumor necrosis factor (TNF)-α and interleukin (IL)-1β, has been demonstrated to increase the risk of thrombosis development. Chebulagic acid (CA) is a key chemical component in the traditional Mongolian anti-thrombotic drug Garidi-13, and has been suggested to exert anti-inflammatory and anti-infective effects. The present study aimed to evaluate the regulatory impact of CA on a number of biological processes, including lipopolysaccharide (LPS)-induced inflammation, LPS-promoted mitogen-activated protein kinase (MAPK) activation and the expression of toll-like receptor (TLR)4 in EA.hy926 human endothelial cells. The results indicated that CA significantly inhibited the LPS-induced upregulation of TNF-α and IL-1β in a dose-and time-dependent manner. Furthermore, LPS-activated MAPK signaling was inhibited by CA treatment in the EA.hy926 cells. However, TLR4, which serves a key function in LPS-induced inflammation as the receptor of LPS, was not regulated by the CA treatment. In summary, the results of the present study indicate that CA inhibits the LPS-induced promotion of TNF-α and IL-1β in endothelial cells by suppressing MAPK activation, which may contribute to the anti-thrombotic effect of Garidi-13.
Introduction
Thrombosis is a pathogenically complex condition with multiple risk factors, of which infection and vascular inflammation are crucial (1, 2) . Various cytokines have been demonstrated to influence thrombogenesis, such as tumor necrosis factor (TNF)-α and interleukin (IL)-6, which are primarily secreted by activated monocytes and macrophages (3) . Inflammation-induced TNF-α and IL-6 subsequently stimulate vascular endothelial cells to become prothrombotic and exhibit anticoagulant properties to various extents. Prothrombotic vascular endothelial cells then express chemokines and E-selectin, which facilitate thromobogenesis by increasing the ability of platelets to adhere to vascular thrombosis sites via interaction with CX3CL1 or E-selectin (4, 5) , or the induction of platelet aggregation involving chemokine (C-C motif) ligand 5 (6, 7) . Furthermore, cytokines are known to stimulate the secretion of tissue factor from monocytes, macrophages and endothelial cells (via TNF-α) (8, 9) , and to induce the expression of plasminogen activator inhibitor-1 and C-reactive protein in the liver (10) (11) (12) (13) . In addition, TNF-α and IL-6 have been demonstrated to increase the risk of thrombosis development by stimulating the secretion and inhibiting the cleavage of ultralarge Von Willebrand multimers (14) . Upregulated proinflammatory cytokines in macrophages and endothelial cells further promote the dysfunction of the endothelium (15, 16) , forming a positive feedback signal. Intravascular thrombosis is a well-recognized complication of vascular inflammation. Thus, anti-inflammatory intervention in the vasculature, particularly the vascular endothelium, may be an effective strategy for the prevention or mitigation of thrombosis.
Chebulagic acid (CA) is a key chemical component of the traditional Mongolian anti-thrombotic drug Garidi-13 (17) . The anti-infective and the anti-inflammatory effects of CA have been recognized. CA has been demonstrated to limit herpes simplex virus (HSV) infection by targeting viral glycoproteins and inhibiting HSV-1 entry and cell-to-cell transmission (18) . HSV infection has been confirmed to be involved in the pathogenesis of atherosclerosis and thrombosis (19) (20) (21) (22) . Furthermore, the anti-inflammatory effects of CA have been observed to inhibit the activity of cyclooxygenase, a key thrombosis promoter (23) (24) (25) (26) . In addition, CA has been demonstrated to attenuate lipopolysaccharide (LPS)-induced inflammation by suppressing nuclear factor (NF)-κB and mitogen-activated protein kinase (MAPK) activation in macrophages (27) . Therefore, the anti-inflammatory effects of CA may be the basis of its anti-thrombotic potential, and thus require further study.
In the present study, the ability of CA to inhibit LPS-induced vascular inflammation was investigated by measuring the Chebulagic acid inhibits the LPS-induced expression of TNF-α and IL-1β in endothelial cells by suppressing MAPK activation levels of IL-1β and TNF-α in EA.hy926 human endothelial cells. The underlying mechanism was also investigated.
Materials and methods
Reagents and cell cultures. Escherichia coli LPS and CA were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were resolved in RPMI-1640 medium (Invitrogen Life Technologies, Carlsbad, CA, USA) supplemented with 2% fetal bovine serum (FBS). EA.hy926 human endothelial cells were obtained from the American Type Culture Collection (Rockville, MD, USA). EA.hy926 cells were propagated in RPMI-1640 medium supplemented with 10% FBS (Gibco Life Technologies, Rockville, MD, USA) at 37˚C under 5% CO 2 , or maintained in RPMI-1640 medium supplemented with 2% FBS. EA.hy926 cells at ~85% confluence were treated with 0, 10, 100 or 1,000 ng/ml LPS and/or with 0, 10 or 50 µM CA for 0, 3, 6 or 12 h. Cells were subsequently lysed for mRNA and protein expression analysis. For the TNF-α and IL-1β assays, the supernatant of the LPS-and/or CA-treated EA.hy926 cells was collected and centrifuged at for 15 min at 4˚C and 13,200 x g. The supernatant was then transferred to new tubes and stored at -20˚C until required for assays.
ELISA assay for IL-1β or TNF-α. For the determination of the expression levels of IL-1β and TNF-α, the supernatants of the LPS-and/or CA-treated EA.hy926 cells were analyzed using an human IL-1β or TNF-α ELISA kit (Shanghai ExCell Biology Inc., Shanghai, China) according to the manufacturer's instructions. In brief, standards and samples were diluted with phosphate-buffered saline (PBS), loaded onto a 96-well plate and incubated for 90 min at 37˚C. Next, biotin-labeled antibodies against IL-1β or TNF-α were utilized for specific binding. Finally, an avidin-labeled enzyme and substrate were used to quantitatively examine the levels of IL-1β and TNF-α using a spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Western blot analysis. EA.hy926 endothelial cells post treatment were treated with ice-cold cell lysis reagent (Sigma-Aldrich) according to the manufacturer's instructions, and each protein sample was supplemented with protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland), then quantified by bicinchoninic acid assay (Pierce Biotechnology, Inc., Rockford, IL, USA). Protein samples were separated using SDS-PAGE (10-12%) and detected by western blot analysis using polyclonal rabbit antibodies against p38, phosphorylated p38 (#sc-535, 1:500), c-Jun N-terminal kinase (JNK; #sc-571, 1:400), phosphorylated JNK (#sc-135642, 1:200), extracellular signal-regulated kinase (ERK), phosphorylated ERK (#sc-23759-R, 1:200), TLR4 (#sc-10741, 1:200) and β-actin (#sc-130656, 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibodies (Pierce) and an electrochemiluminescence detection system (Amersham Pharmacia Biotech, Amersham, UK) were used for detection.
mRNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total mRNA was extracted from cell samples using an RNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's instructions, and supplemented with RNase inhibitor (Takara Bio, Inc., Tokyo, Japan). RT-qPCR analysis of the TLR4 mRNA level was performed using a QuantiTect SYBR Green PCR kit (Qiagen, Inc.). All mRNA expression levels were normalized against β-actin. The 2 -∆∆Ct method was used for the relative quantification of TLR4 mRNA expression (28) .
Statistical analysis. Data are presented as the mean ± standard error, and were analyzed using Student's t-test. P<0.05 was considered to indicate a statistically significant difference. All tests were performed using GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA).
Results

CA inhibits the LPS-induced secretion of IL-1β and TNF-α in endothelial cells.
In order to determine whether CA inhibits the LPS-induced secretion of IL-1β and TNF-α, EA.hy926 endothelial cells were treated with LPS (10, 100 or 1,000 ng/ml) and/or CA (0, 10 or 50 µM) for 12 h. Subsequently, the IL-1β and TNF-α content in the cell supernatant was determined using an ELISA assay. Firstly, it was demonstrated that the LPS treatment significantly promoted the expression of IL-1β and TNF-α in the cell supernatant. Treatment with 10 ng/ml LPS induced a 5.8-fold elevation in the levels of IL-1β and a 19-fold elevation of TNF-α levels in the EA.hy926 cells (P<0.01 and P<0.001, respectively; Fig. 1A and B) . The promotion of IL-1β and TNF-α secretion was dose-dependent; significant difference in the levels of IL-1β and TNF-α were observed between the 10 and 100 or 1,000 ng/ml groups, as follows: 10 vs. 100 ng/ml (P<0.01) and 100 vs. 1,000 ng/ml (P<0.05) for IL-1β; 10 vs. 100 ng/ml and 100 vs. 1,000 ng/ml (P<0.01) for TNF-α. Secondly, the induction of IL-1β and TNF-α in EA.hy926 cells was reexamined following combined treatment with LPS and CA. CA was observed to significantly attenuate the LPS-induced increase in the expression of IL-1β and TNF-α (Fig. 1C and D) . Reduced levels of IL-1β or TNF-α were observed in EA.hy926 cells treated with a combination of 1 µg/ml LPS and 10 or 50 µM CA compared with the levels in EA.hy926 cells treated with 1 µg/ml LPS only (P<0.01 and P<0.001, respectively, for IL-1β; P<0.05 and P<0.01, respectively, for TNF-α). This attenuation was dose-dependent, as the LPS-induced levels of IL-1β and TNF-α in the cells treated with 50 µM CA were observed to be lower than those in the cells treated with 10 µM CA. Notably, the inhibition of IL-1β or TNF-α expression by CA was not significant in the EA.hy926 cells that were not treated with LPS, possibly as the background secretion of cytokines was insufficient to discriminate the inhibitory effect of CA.
In order to further investigate the CA-mediated inhibition of proinflammatory cytokines in endothelial cells, the levels of IL-1β and TNF-α were determined in the supernatants of EA.hy926 cells at various periods following treatment with 1 µg/ml LPS and/or with 50 µM CA. As presented in Fig. 2A , the inhibitory effect of CA on IL-1β secretion was significant at 3 h post-treatment. The levels of IL-1β were found to be reduced in cells treated with a combination of 50 µM CA and 1 µg/ml LPS compared with those in the cells treated with LPS alone (P<0.05), and the inhibitory effect was greater at 6 or 12 h post-treatment (P<0.01). Furthermore, the inhibitory effect of TNF-α secretion was initially observed at 6 h post-treatment (P<0.01), then reconfirmed at 12 h post-treatment (P<0.01). Therefore, the results indicate that the CA-mediated inhibition of proinflammatory cytokines in the endothelial cells was time-dependent.
CA inhibits the LPS-induced activation of MAPK signaling in endothelial cells.
In order to investigate how CA affected the secretion or expression of IL-1β or TNF-α, the degree of activation of MAPK signaling in the LPS-and/or CA-treated EA.hy926 cells was analyzed, as MAPK signaling is known to be promoted by LPS and to upregulate proinflammatory cytokines (29, 30) . Western blot analysis was performed to examine the expression and phosphorylation of p38, JNK and ERK in EA.hy926 cells following various treatments. Fig. 3 indicates that levels of phosphorylated p38, JNK and ERK were significantly elevated as a result of treatment with 1 µg/ml LPS for 12 h (P<0.01). However, this promoted phosphorylation of p38, JNK and ERK was significantly attenuated by treatment with 50 µM CA (P<0.01), with JNK phosphorylation detectably attenuated by 10 µM CA (P<0.05). Furthermore, the attenuation was dose-dependent, as a significant difference was detected between the 10 µM-and 50 µM-treated cells (P<0.01 for p38 or JNK phosphorylation; P<0.05 for ERK phosphorylation). Therefore, the results indicate that CA treatment attenuated MAPK activation in the LPS-induced inflammatory cells. by LPS is associated with the release of LPS-induced inflammatory cytokines (32) . In order to determine whether TLR4 signaling is targeted by CA to attenuate the LPS-induced release of inflammatory cytokines, the expression of TLR4 mRNA and protein was determined in EA.hy926 cells treated with LPS and/or CA. As shown in Fig. 4A , the mRNA expression levels of TLR4 were significantly upregulated by LPS treatment (P= 0.003); however, treatment with 10 or 50 µM CA alone exerted no upregulatory effect on TLR4 mRNA (P= 0.177 and 0.140, respectively). Furthermore, experiments in which combined treatments were applied indicated that treatment with 10 or 50 µM CA did not exert a significant effect on the LPS-induced promotion of TLR4 mRNA levels (P= 0.511 or 0.366; Fig. 4B ). Western blot analysis indicated that no CA-mediated regulation of TLR4 expression occurred at the protein level in EA.hy926 cells, as no significant difference in TLR4 expression levels was observed between the cells treated with LPS alone and those treated with a combination of LPS and CA ( Fig. 4C and D) .
Discussion
Endothelial inf lammation has been implicated in a variety of diseases, including infection (33), diabetes (34), atherosclerosis (35) and hypertension (36) . Furthermore, endothelial inflammation is commonly associated with thrombosis (37, 38) . Various factors promote endothelial cells to an inflammation-activated status and induce them to secrete proinflammatory cytokines. Oncogenes and oxidative stress induce vascular endothelial cells to exhibit distinct expression patterns of proinflammatory cytokines (39) . In newly diagnosed type 2 diabetes, levels of serum IL-12 correlate with endothelial dysfunction, insulin resistance and the expression of proinflammatory cytokines (40) . Exposure to Shiga toxin 1, Shiga toxin 2, and α-sarcin induces molecular damage and upregulates proinflammatory cytokines in human endothelial cells (41) . Furthermore, classical swine fever virus has been found to induce proinflammatory cytokine and tissue factor expression during the establishment of long-term infection in porcine vascular endothelial cells (42) . In addition, bacterial LPS modulates inflammasome gene expression and regulates IL-1β and TNF-α secretion in endothelial cells (43, 44) . Considering the high level of association of proinflammatory cytokines, such as IL-1β and TNF-α, with thrombosis, anti-inflammatory activity in the vasculature may be a response strategy for the prevention or control of thrombosis. The present study demonstrated the anti-inflammatory effects of CA in endothelial cells. CA was demonstrated to inhibit the LPS-induced secretion of two key proinflammatory cytokines, IL-1β and TNF-α, in EA.hy926 endothelial cells. The LPS-induced promotion of IL-1β and TNF-α in the EA.hy926 cells was significantly attenuated by CA in a doseand time-dependent manner. Furthermore, it was observed that the CA inhibited LPS-induced activation of MAPK signaling (29, 30) in endothelial cells. Western blot analysis demonstrated that the LPS treatment promoted the phosphorylation of p38, JNK and ERK in EA.hy926 cells. This promotion was inhibited by CA treatment, with the phosphorylation of p38, JNK and ERK significantly attenuated by treatment with ≥10 µM CA, in a dose-dependent manner.
TLRs, such as TLR4, are type-I transmembrane receptors expressed on the cell membrane following LPS stimulation (31) . Activation of TLR4 signaling by LPS is associated with the release of inflammatory cytokines (32). However, no regulatory effect of CA on TLR4 expression, which was upregulated by LPS during its promotion of inflammatory cytokine release in EA.hy926 endothelial cells, was observed. The RT-qPCR and western blot analyses respectively revealed the upregulated mRNA and protein levels of TLR4 by LPS in EA.hy926 cells were not significantly attenuated by treatment with 10-50 µM CA. Therefore, it is hypothesized that the regulation of IL-1β and TNF-α is targeted post TLR4 signaling. However, the specific targets for CA remain unclear and require identification.
In summary, the present study demonstrated that CA inhibited LPS-induced vascular inflammation in EA.hy926 human endothelial cells via the suppression of MAPK activation.
